HIV infection is a global disease that disproportionately burdens populations with nutritional vulnerabilities. Laboratory experiments have shown that selenium has an inhibitory effect on HIV in vitro through antioxidant effects of glutathione peroxidase and other selenoproteins. Numerous studies have reported low selenium status in HIV-infected individuals, and serum selenium concentration declines with disease progression. Some cohort studies have shown an association between selenium deficiency and progression to AIDS or mortality. In several randomized controlled trials, selenium supplementation has reduced hospitalizations, diarrheal morbidity, and improved CD4 cell counts, but the evidence remains mixed. Additional trials are recommended to study the effect of selenium supplementation on opportunistic infections, and other HIV disease related comorbidities in the context of highly active antiretroviral therapy in both developing and developed countries.
Introduction
The HIV pandemic has placed a great demand upon the scientific community to develop effective prevention and treatment methods. Since the beginning of the pandemic, over 25 million people are estimated to have died from the disease. 1 It is a leading cause of death in many parts of the world, and a disease that disproportionately affects the marginalized and socially disadvantaged. Many of the affected also suffer from chronic food insecurity and malnutrition, and so therapies that could potentially target both HIV disease and malnutrition such as multivitamins have been extensively researched for potential benefits. 2 Among such therapies, the antioxidant micronutrients, theorized to have potential benefits in HIV disease apart from correcting deficiencies have frequently been examined. 3, 4, 5, 6, 7 Selenium is an essential micronutrient found in the soil. First discovered by Berzelius in 1817, it has been found to serve functions in DNA oxidative damage repair, DNA synthesis, and cellular signalling via thioredoxin reductase conversion of circulating thyroxine into its active form via iodothyronine deiodonases, and antioxidant defense and leukocyte adherence in the form of glutathione peroxidases. 8, 9, 10 These three major classes of enzymes have in common the biological form of selenium contained within selenocysteine residues, a transformation of the amino acid serine that is synthesized on a specialized tRNA sec . 11 Selenium deficiency has also been found to be involved in Keshan's disease, a cardiomyopathy first described in China occurring subsequent to infection with a coxsackie B virus. 12 The mechanism is believed to be due to the accumulation of oxidative damage related mutations in the viral genome that cause it to convert to a more virulent form. 13 This discovery, along with the recognition that supplementation of table salt with selenium in the regions of China affected by Keshan's disease greatly reduced the number of cases, brought awareness in the fields of nutrition and virology that selenium status might play a role in diseases caused by other viral infections, especially in HIV disease. 14 In this paper, we have reviewed the literature on selenium and HIV infection. We present here a synopsis of laboratory and animal studies, observational studies, and randomized controlled trials and recommendations for further research.
Laboratory and Animal Studies
Among the approaches that have been considered to control HIV in vitro, attempts to discover biological processes that were important in perpetuating the virus's activation and replication were given a high priority. While studying the interaction between the milieu of host cytokines and immunoregulatory proteins, researchers found in the early nineties that antioxidants had a beneficial effect on viral replication in vitro. 3, 15 In HIV infection, reactive oxygen species upregulate the activation of viral replication, generating additional copies of the virus from an infected cell through the actions of nuclear factor kappa-lightchain enhancer of activated B cells (NFκB) and activator protein 1 (AP-1) as intermediates. 15 In addition, antioxidant proteins such as catalase and glutathione peroxidase, which requires selenium, were subsequently shown to decrease viral activation. 3 Additional studies done in this area, along with those mentioned before, led to the suggestion of oxidative imbalance may contribute to HIV's pathogenesis, working apart from or in addition to the known effects caused by the virus' replication within and destruction of cells in the immune system. 3, 4, 5, 6, 7 There were some early efforts made to translate this research into the clinical setting, but other findings showed that increased glutathione peroxidase activity in vitro was also associated with increased syncytia formation, and possibly prevention of apoptosis of those infected cells, and therefore, there was concern that selenium supplementation might lead to increased dissemination of the virus in the early stages of infection. 4, 5 Genetic studies of cellular immunity and of HIV's genome revealed an interplay between selenium and genes important for propagation of the virus. Studies of T cells looking at the genes that encode CD4, CD8, and human leukocyte antigen DR 33 (HLA DR 33) were found to have open reading frames with multiples of UGA codons similar to those that encoded selenoproteins. These open reading frames also contained potential stem loop structures that could interact with selenocysteine residues. This was thought to be a highly unlikely coincidence, and suggested that the interaction between selenium and HIV disease might be more complex than was previously understood. It was further proposed that selenoproteins might lie within the viral genome for some purpose. 16 Two years later, this hypothesis was verified by finding frameshift sites and RNA pseudoknots that would lead to selenoprotein synthesis when the encoding module for the selenoprotein overlapped another functioning gene. At that time, similar structures were found in a wide range of other viruses, suggesting selenium has a role to play in the virulence of multiple pathogens. 17 A separate study found structures that encode glutathione peroxidase in a molluscum contagiosum virus, and suggested that such structures might be found commonly in other viruses. 18 Within a short time, the hypothesis that HIV might encode selenoproteins was investigated, and using a computer model it was discovered that the coding sequence in question was homologous to human glutathione peroxidase. When this gene was cloned and transfected into canine kidney cells, it increased the output of glutathione peroxidase by 21 to 43%, and in transfected MCFV7 cells by 100%. 19 Within the field, many once again postulated that selenium might be important to the needs of HIV itself or the virus' interaction with the cell's oxidative machinery when integrating into the host genome.
Later advances in virology and immunology brought a T-cell model that could be used to study increases and decreases in oxidative signaling through an immortalized T-cell line that had been given a selenium dependent glutathione peroxidase construct via a retroviral vector. 20 The same year as this result, another experiment showed that selenium was important in the regulation of NFκB, which is important in mitigating the effect of HIV pathogenesis through its effects in upregulating glutathione peroxidase. 21 Following this, it was discovered that selenium supplementation will decrease the replication of HIV in vitro when the virus is exposed to TNF-α, confirming selenium's role in up regulating other antioxidant enzymes. 22 Researchers then found that the levels of normal selenoproteins that are expressed in T-cells, including thiodoxin reductase, glutathione peroxidase, and phospholipids hydroperoxide glutathione peroxidase, are increased in the presence of selenium, but diminished when the T cell is infected with HIV. 22, 23 Instead, low molecular mass compounds containing selenium are produced. 23 Therefore, in many papers, it had been shown that HIV benefited from the disruption of normal selenoprotein synthesis and from disrupting the functions of normal cellular oxidative activity. The question of whether HIV's replicative machinery incapacitated the oxidative machinery of the T cell intentionally or unintentionally remained an open one, but many researchers began to think it was intentional.
Selenium appears to play a role as an immunomodulator as well. In vitro exposure of chronically infected T-lymphocyte and monocytic cell lines to selenium prior to exposure to TNFα resulted in decreased induction of HIV-1 replication. Interestingly, there was a similar effect for acutely infected monocytic cell lines, but not for T-cell lines. 22 Selenium has also been shown to have a beneficial in vitro effect on production of both interleukin 2 (IL-2) and its receptor expression, leading to generation of cytotoxic T lymphocytes and natural killer cells. 24, 25 It is also inversely correlated levels of interleukin 8 (IL-8) in vivo, which is a marker of severe inflammation during opportunistic infections that portends worsened outcomes. 26, 27 Another beneficial breakthrough came in 2002 when it was found that Rhesus monkeys infected with the simian immunodeficiency virus also suffer from progressive selenium deficiency similar to humans, opening up animal models for testing. 28
Cross-Sectional Studies (Table 1)
The earliest studies examined whether selenium deficiency was common in HIV-infected persons. A cross-sectional study performed in New York in 1989 found significantly lower serum selenium level when comparing patients with AIDS and "AIDS related complex" to healthy controls, as well as significantly decreased erythrocyte glutathione peroxidase activity. 29 Another study done in 1990 looking at multiple different micronutrients found that lower serum levels of phosphorus and selenium were associated with HIV infection. 32 Persons in earlier stages of HIV disease do not appear to differ significantly from controls in their serum selenium concentrations, but those in advanced disease stage showed low serum selenium concentrations.
Additional studies looked at various predictors and endpoints related to selenium and HIV disease progression. Female gender was found to be a predictor of poorer nutritional status in HIV-infected injecting drug users, and also predicted decreased serum selenium levels, which was confirmed by several researchers. 46, 47 Higher serum selenium status was associated with slower rates of mental decline in AIDS related dementia, improved mood, and improved self assessed quality of life. 48 Another study reported changes in fatty acid levels associated with decreases in selenium across the spectrum of HIV disease, and a nonrandomized supplementation trial found that serum glutathione peroxidase could be increased at 3-6 months and 12 months of follow up. 49, 50 A study in Ethiopia showed an association between persons who had TB and decreased serum selenium. Persons who had both HIV and TB were seen to have serum selenium levels that were even lower than those either TB or HIV alone. 41
Cohort and Case-Control Studies (Table 2)
Studies have consistently found that low serum selenium levels are associated with an increased risk of mortality among HIV-infected adults and children. Among 95 HIVinfected patients in France, lower serum selenium levels were significantly associated with the risk of mortality after adjusting for CD4 cell counts. 49 Another study of 125 HIVinfected adults with IV drug use in the U.S. showed that selenium deficiency is associated with a 10.8-fold increased risk of mortality after adjusting for CD4 cell counts and other nutritional deficiencies. 51 In Tanzania, lower plasma selenium levels were significantly associated an increased risk of mortality among 949 HIV-infected women during 5.7 median years of follow up period. 55 Similar findings are reported among children. A study of 24 children in the U.S.with perinatally acquired HIV found that low plasma selenium levels were associated with a 6fold increased risk of mortality after adjusting for CD4 cell counts. 52 A prospective cohort study of 670 children born to HIV-infected women in Tanzania also showed that low plasma selenium levels were associated with an increased risk of mortality after adjusting for CD4 cell counts and other nutritional status. 57 Researchers also examined whether the serum selenium levels are associated with other important clinical outcomes. For example, HIV is known to be associated with cases of dilated cardiomyopathy. A prospective cohort study involving 416 HIV-infected persons in Rwanda found that low serum selenium status was associated with an increased risk for developing dilated cardiomyopathy. 58 Some have therefore speculated that many cases of HIV related cardiomyopathy could in fact be cases of Keshan's disease. 59 A case-control study of HIV-infected patients with IV drug use demonstrated higher relative risk for patients with lower selenium levels to have mycobacterial disease after adjusting for BMI, CD4 cell counts, and antiretroviral treatment. 54 Shedding of the virus in various bodily secretions has been a well studied area of interest in HIV research, due to the consideration that decreasing viral load in bodily secretions will decrease transmission, especially from mothers to children. In a longitudinal study performed in Dar Es Salaam, Tanzania, persons with increased plasma selenium levels had associated increases in cervicovaginal shedding of HIV-1 RNA. 59 On the other hand, low serum selenium was associated with the outcomes of increased risks of fetal death, child death, and HIV transmission through the intrapartum route, and higher risk of mortality and various morbidities for the HIV-infected pregnant mothers themselves. 55, 56, 57 Paradoxically, a decreased risk of small for gestational age babies was seen in those mothers who had reduced selenium. 56 When the course of HIV disease was fundamentally altered by the advent of antiretroviral therapy (ART), especially with highly ART (HAART), researchers were able to pose the question of whether immune status in persons with HIV was dependent on selenium status, or whether it was the other way around. Once immune status could be improved by HAART, would the selenium status be corrected or not? One study followed 44 persons living with HIV over three years from 1995 when none of them were receiving HAART to 1998 when almost all were. They classed them into two groups, based on total CD4+ T-cell count being greater or less than 250/mm 3 at baseline. In follow-up, they found that a difference in serum selenium status evident at baseline had disappeared over time, drawing the conclusion that selenium and zinc status were dependent on immune status in some way, and that HAART could reduce such deficiencies. 53 Table 3 )
Intervention Studies: (See
Early trials of selenium supplementation were small and designed to test whether giving oral selenium would increase serum levels of selenium in persons living with HIV. A nonrandomized trial conducted among 10 patients in France showed improved plasma selenium measurements from a mean of 0.75 +/− 0.27 μmol/L to 1.63 +/− 0.27 μmol/L after 21 days of supplementation. 30 Another trial in the U.S. found that average serum selenium level in patients with AIDS was 1.55 +/− 0.38 μmol/L (n = 24), and 1.59 +/− 0.48 μmol/L (n = 26) in persons with AIDS-related complex (ARC), compared to 2.47 +/− 0.25 μmol/L (n = 28) in controls. 19 of those symptomatic patients with positive HIV antibodies agreed to take selenium supplements, and after 70 days, average serum selenium concentration increased to 3.54 +/− 1.01 μmol/L. 31 The French trial also reported additional benefits for six of their eight patients suffering from nonobstructive cardiomyopathy, though the sample size was too small to make any generalizations. 30 An Australian trial examined the effect of two different dosages of antioxidant supplements that included selenium, vitamins A, C, and E and found that both high and low dosage of supplements produced similar improvements in antioxidant measures. 61 A trial with 186 persons living with HIV found that daily selenium supplements were associated with reduced rates of hospital admission (RR = 0.38; p = .002) and reduced health related costs (58% reduction vs. 30% reduction, p=0.001) during a two year course of follow up. 62 In a trial of 262 HIV-positive individuals, participants in a selenium supplemented group who were found to have responded to selenium showed a significant increase in CD4 cell counts and a decrease in viral load compared to participants in the control group during 9 months of treatment, with a positive response being defined by a serum increase of selenium greater than 26.1 μg/L during the period of supplementation. 64 However, several limitations were evident in this trial. Division of the supplemented group into responders and nonresponders based on cutoffs in measured plasma selenium during post-hoc analysis was not part of the original plan of the study. Another major limitation was a loss of a third of participants during follow-up. These two studies were also relatively small, and therefore did not provide the certainty of interpretation that larger trials would afford.
Additional trials have been conducted in the settings hardest hit by both HIV and malnutrition. A 1999 randomized controlled trial in Zambia examined the effect of short term supplementation with a multivitamin containing vitamin A, C, E, zinc, and low dose selenium (150 μg) plus albendazole versus albendazole and placebo on 106 persons with HIV diarrhea wasting syndrome. Supplementation did not affect morbidity (p=0.96), mortality (RR 1.06, P = 0.87), or provide symptomatic relief. 60 A 2004 randomized controlled trial in Kenya with 400 participants looked at primary outcomes of cervicovaginal shedding of virus, CD4+ T cell counts and viral load. Participants received a supplement containing B-complex vitamins, vitamins C and E, and 200μg of selenium over 6 weeks. They found shedding of HIV infected cells was increased 2.5 fold (p=0.001) in supplemented participants, and viral RNA in vaginal secretions increased 0.37 log 10 units (p=0.004), all of which are adverse outcomes. Supplementation also resulted in higher CD4 (+23 cells/mL, P = 0.03) and CD8 (+74 cells/mL, p = 0.005) counts compared with placebo (potentially beneficial outcomes), but no change in plasma viral load. 63 A small trial in 2008 in Nigeria found nonsignificant increases in T-cell count for a selenium and aspirin regimen versus selenium alone, but there were problems with the randomization scheme. 66 Another 2008 randomized controlled trial in Tanzania of selenium supplementation in HIV infected pregnant women found an association with a reduced risk of low birth weight [relative risk (RR = 0.71; 95% CI: 0.49, 1.05; p=0.09), but an increased risk of fetal death (RR=1.58; 95% CI=0.95, 2.63; p=0.08). There was no effect seen on maternal mortality, neonatal or overall child mortality, but mortality at 6 weeks was reduced (RR = 0.43; 95% CI = 0.19, 0.99; p =0.048). 65 Secondary outcomes for this trial showed a reduction in diarrheal morbidity (RR= 0.60; 95% CI, 0.42-0.84), with no effect on maternal hemoglobin or other morbidity measures. 67 Based on the trials, selenium may offer some modest beneficial effects for birth outcomes and diarrheal morbidity. The safety and efficacy of supplementation as an adjunct therapy needs to be further examined, however, due to possible increases in viral shedding, and additional research among individuals on HAART is warranted.
Potential Mechanisms of Observable Selenium Deficiency
Various mechanisms have been proposed for the observed deficiency in selenium in persons living with HIV. Among the first to be explored was whether gastrointestinal absorption of selenium was so altered that oral supplementation would not be effective. A study performed in 1989 found that oral supplementation with 400 micrograms of selenium significantly increased serum selenium levels after 70 days of supplementation. 31 Another study mentioned previously noted decreased selenium levels in AIDS patients compared to controls along with malabsorption defined by the D-xylose test in 60% of the cases, but also noted that inadequate intake was seen in 71% of the cases. 35 A later study done in 1996 whose main goal was to see if supplementation with selenium would increase enzymatic activity also found it was possible to increase serum selenium levels with supplementation in persons infected with HIV. 50 The literature therefore supports the conclusion that selenium can be replaced via oral supplementation in persons with HIV, and that possible mechanisms for selenium deficiency included malabsorption and inadequate intake. Later, a study looking at a population of HIV-infected injection drug users in 1996 found that dietary intake of selenium was actually higher than in noninfected injection drug using controls. 68 The result was speculated to be due to an unconscious attempt to achieve selenium homeostasis through diet.
The literature does not currently support the hypothesis that selenium is excreted at a greater rate in persons living with HIV. One result found that urinary selenium excretion was relatively unchanged in persons with HIV compared to controls. Urinary selenium is a good marker for dietary intake of selenium, and so poor intake also became a less likely hypothesis. Via this method, it was also seen that study participants were excreted approximately as much selenium as they were taking in, which made the malabsorption hypothesis less likely as well. 69 Another group subsequently excluded malabsorption as being the underlying cause of selenium deficiency and suggested that serum selenium status was therefore a good marker for monitoring HIV disease progression, though it is not without inaccuracies in its measurement. 55 Serum selenium has been found to be a reasonable measure that roughly approximates long term intake, and is a preferred way to measure selenium status, though it is more challenging to draw conclusions from individual specimens. 70, 71 Its measurement can be confounded by matrix and spectral interference problems that must be corrected by skilled technicians, such that it is challenging to perform in a routine clinical laboratory. 72, 73, 74 The challenges present in measurement do not appear to challenge the overall conclusions of the available research, however. Based on the available studies, it appears that selenium is somehow being overutilized and depleted in a form that cannot be recycled during the course of HIV disease or of its concomitant opportunistic infections, leading to lower serum selenium levels in persons with HIV disease.
Conclusion
Selenium supplementation remains a possible adjunct therapy in HIV, but one whose clinical role will be defined by future research that answers some of the major reservations that remain. In the area of bench work, the field is getting closer to outlining the multiple mechanisms by which selenium impacts HIV, and may soon answer lingering questions as to whether selenium supplementation is more beneficial to the virus than the patient at certain stages of disease. Observational studies have mostly shown an association between decreasing serum selenium and progression through HIV disease stages to poorer outcomes, but experience in the post-HAART era is limited. They have also raised the question of whether the observed selenium deficiency is more strongly associated with certain subsets of the HIV population, such as those with HIV associated cardiomyopathy or opportunistic infections. Clinical trials have reported some risks of increased viral shedding with supplementation, but also benefits of decreased hospitalizations, and better outcomes such as suppression of viral load, increased CD4+ T-cell counts, and decreased risk of diarrhea. The future of selenium and HIV research will therefore need to address outstanding clinical concerns, to answer new questions that have arisen, and to verify previously reported outcomes, but there remains a good possibility that there will be a role for selenium supplementation to play in HIV care. The mean serum selenium levels among AIDS (0.0514 ± 0.0147 μg/mL) and non-AIDS symptomatic patients (0.0667 ± 0.0209 μg/mL) were significantly lower as compared to asymptomatic HIVinfected (0.0823 ± 0.0205 μg/mL) and HIV-negative individuals (0.0892 ± 0.0209 μg/mL). Selenium "responders" whose serum selenium level increased by 3 SD above placebo during treatment, had greater increases in serum selenium concentration (p<. 001), less viral load increase (p<.02), and greater CD4 count increase (p<.02) than did the placebo and nonresponder groups, who did not differ. The combined selenium and aspirin regimen showed a nonsignificant increase in T-cell count, as did selenium alone. Weight increased significantly for both groups.
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